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The emergence of a density bump at the front of a collisionless electrostatic shock wave have been observed
experimentally during the ablation of an aluminium foil by a femtosecond laser pulse. We have performed
numerical simulations of the dynamics of this phenomena developing alongside the generation of a package of
ion-acoustic waves, exposed to a continual flow of energetic electrons, in a collisionless plasma. We present the
physical interpretation of the observed effects and show that the bump consists of transit particles, namely,
the accelerated ions from the dense plasma layer, and the ions from the diluted background plasma, formed
by a nanosecond laser prepulse during the ablation.
1. Introduction. Quasielectrostatic shocks in a
nonequilibrium plasma, formed due to the charge sep-
aration of hot and cold fractions, have been studied
theoretically and experimentally for more than half a
century [1–7]. One of the most studied classes of such
waves are ion-acoustic shocks, which can occur during
an explosive process in plasma and after the formation
stage are described by the theory of ion-acoustic soli-
tons [8–10]. The example of such an explosive process
is the ablation of a solid target by nano- or picosecond
laser pulses, which leads to the formation of an electri-
cal double layer and the excitation of a short package
of ion-acoustic waves [11–15]. In many experiments this
package, while propagating in surrounding plasma, is
affected by a fast flow of nonequilibrium particles or the
laser field for a long time after the explosion. The dy-
namics of the shock wave at this stage acquires a num-
ber of peculiarities that are not described by the soliton
theory and are associated with the complex collisionless
behavior of particles. This dynamic remains experimen-
tally unexplored (see [6, 14–16]).
In this letter we explore the formation and evolution
of a density bump in such shock waves and study the
collisionless kinetics of ions and electrons in the bump
during its propagation. We reveal the crucial role of
the background plasma, formed by laser radiation prior
to main pulse, in the process of a bump formation (the
existing approximate solutions to the problem of the
plasma expansion into vacuum demonstrate no bumps;
see, for example, [17–19]).
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Fig. 1. Experimental setup
2. Experimental setup. In experiments (see
Fig. 1) we used a Ti:sapphire femtosecond laser sys-
tem with a pulse energy of 160 mJ, a pulse duration
τp = 70 fs, emission wavelength of 800 nm, and a repe-
tition rate of 10Hz. The laser beam was focused on the
flat surface of a 200µm-thick aluminium foil with the
help of a 50 cm spherical mirror. The beam size at the
focus was d ≈ 40 − 50 µm and the maximum intensity
reached 2 × 1017 Wcm−2. Experiments were carried
out in the vacuum chamber with a residual gas pressure
less than 0.05 Torr. The power contrast of pulses was
measured with a single-pulse autocorrelator for times
up to ∼ 1 ps and with a 5GHz photodiode for times
larger than 200 ps. The contrast for times up to 1 ps
was ∼ 10−3, the value of the contrast with respect to
the amplified spontaneous emission (arriving 2 − 3 ns
before the main pulse) was estimated as (2− 5)× 10−7.
1
2 M.A.Garasev, A. I. Korytin, V.V.Kocharovsky, Yu. A.Malkov, A.A.Murzanev, A.A.Nechaev, A.N. Stepanov
Diagnostics of the plasma density was carried out
with the use of a Michelson interferometer. The scan
pulse, separated from the main laser beam, crossed the
plasma perpendicular to the axis of the pump pulse’s
propagation at an adjustable time delay. The image
from the interferometer’s output was recorded by a CCD
camera. Interferograms had the spatial resolution of
5 µm with a field of view of ∼ 1 mm2. To reduce
the background light, the polarization of the diagnostic
beam was chosen to be orthogonal to the polarization
of the pump. In front of the CCD camera a bandpass
interference filter (785 ± 20 nm, Edmund Optics) was
installed to increase the coherence length of the inter-
ferometric images. The X-ray CCD camera (Andor DO
3040), placed behind the target, allowed us to measure
the spectrum of bremsstrahlung radiation of the plasma
and to determine the electron temperature of the latter.
3. Observed parameters of the plasma and
the shock wave. The spatial distribution of the phase
shift, caused by the plasma produced by a femtosec-
ond pulse, is shown in Fig. 2 for different time delays
of the probe. About 100 ps before the main pulse ar-
rives to the target, a preplasma formed by a nanosecond
prepulse exists near the foil’s surface, having a size of
∼50 µm and a number density of the order of 1019 cm−3.
When the pump hits the target (at t = 0), a multiple
increase of the total amount of ejected ionized material
occurs. In the experiment the electron temperature of
the plasma, estimated from the measurements of X-ray
bremmstrauhlung spectrum, was about 2− 2.5 keV.
As seen from Fig. 2, the essential feature of the spa-
tial distribution of the number density is the existense
of a bump at the front edge of the expanding plasma.
Fig. 3 shows the number density distribution along the
middle line of the plasma flow for t = 1.35 ns and t =
2.85 ns, obtained applying the inverse Abelian transfor-
mation to the interferometric data. The clearly visible
bump holds the electron number density of 2×1019cm−3
and is followed by the plasma tail expanding from the
surface of the foil. The bump propagates at the speed
of about v ∼ 1.5× 107cm s−1, virtually constant on the
times up to tmax = 3.5 ns. Note that, although laser ab-
lation processes, including the formation of the surface
plasma and the expanding plasma, have already been
considered in several works (e.g., [6,11–13,16]), the ob-
served phenomenon of a bump formation at the front
of a collisionless electrostatic shock wave is practically
unexplored.
4. PIC-simulation: Formulation of the prob-
lem and initial setup. Estimates show that the exper-
imentally observed shock exists in almost collisionless
plasma. Indeed, at a number density ne ∼ 10
20 cm−3
Fig. 2. The spatial distribution of the phase shift,
caused by the plasma, for different time delays with
respect to the pump pulse.
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Fig. 3. Two snapshots of the plasma density along the
axis of expansion.
and a temperature T ∼ 2.5 keV, typical for the experi-
ments, the mean free path of electrons is about 300µm,
thus greater than the size or the region where the ob-
served shock wave formation happens. At times under
consideration, t . 3 ns, the heated area on the foil’s
surface and the compact quasi-adiabatically expand-
ing plasmoid, with a number density of & 1021cm−3,
act as a quasi-stationary source of the mentioned col-
lisionless plasma. It constantly emits hot electrons (a
part of which returns) with energies of ∼ 2.5 keV that
pull ions and transmit energy to them through a quasi-
electrostatic field (see, e.g., [12]).
Having no aim to give a complete description of the
dynamics of a dense plasma created by a powerful laser
pulse, we have performed 1D and 2D numerical simu-
lations of the expansion of its outer layers, using rela-
tivistic fully kinetic PIC (particle-in-cell) code EPOCH.
The code consistently solves Vlasov’s equations for the
plasma particles’ motion with Maxwell’s equations for
electromagnetic fields [20].
In 1D geometry as the initial configuration for a
simulation we took cold (neutral) background plasma
with the electron density nbkg = 10
15
− 1019cm−3 (for
different runs) that filled the entire computational do-
main, and a compact (also neutral) plasma layer, placed
near the left boundary of the domain and occupying
one sixth of its length, which constituted cold ions with
charge Z and hot electrons with the number density
nL = 10
20 cm−3. The transition profile from the layer
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Fig. 4. Snapshots from a 2D simulation showing the
formation of a bump in plasma number density. Simu-
lation parameters: nbkg = 10
18 cm−3, nL = 10
20 cm−3,
M/me = 100, ion charge Z = 1.
to the background was super-Gaussian, nL ∼ e
−xℓ/Lℓ ,
where L is the effective size of the layer and x is the co-
ordinate along the direction of expansion. In this report
all the results presented in figures are given for the case
of the sharp profile with ℓ = 8. On the left boundary
of the domain we used a reflective condition, the right
boundary was open (absorbing). The ion-electron mass
ratio varied within the range M/me = 100− 50000 (for
different runs). Initially all the particles in the simula-
tion had an isotropic Maxwellian velocity distribution;
the electron temperature in the layer was TL = 2.5 keV,
background electrons and all the ions had Tbkg = 3 eV.
In two-dimensional calculations we used similar ini-
tial conditions, except that the dense plasma had the
shape of a half a circle, still denoted here as ”the layer”
though; lateral boundaries were open.
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Fig. 5. Profiles of ion number density at con-
sequent time-moments, obtained in a 1D simulation
of the plasma expansion with parameters Zni,bkg =
1018 cm−3, Zni,L = 10
20 cm−3, M/me = 50000, ion
charge Z = 3. Solid (blue) curves are for the back-
ground ion number density ni,bkg, dashed (black) curves
the number density of ions from the expanding layer
ni,L. The speed of the bump is vbump ≈ (1.8 − 2.1) ×
107 cm s−1, being in a good agreement with experimen-
tally measured values.
The temporal evolution of the plasma number den-
sity is shown in Fig. 4, Fig. 5 for 2D and 1D simulations
respectively. Qualitatively 1D and 2D results are con-
sistent with each other and reproduce well the situation
observed in the experiment at the transitional stage of
the shock wave’s formation, when a continuous flow of
energetic electrons from the hot plasma layer is present.
5. Dynamics and kinetics of the density
bump’s formation. At the initial stage the plasma
expansion is actually one-dimensional: the layer of hot
electrons rushes forward, leaving ions behind. At times
less than or about one plasma period τ ≡ 2π/ωpl =√
πme/(e2nL) the region that holds the point of the
maximum of the growing longitudinal electric field
Ex(t, x) moves at the speed of the order of the ther-
mal velocity of electrons. After (1 − 2)τ the nonlinear
stage begins: the electric field significantly slows down
electrons and begins to accelerate ions. At about 3τ
(for the parameters indicated in Fig. 4) the value of
the electric field reaches its maximum, and then begins
to decrease. After ∼ 50τ the speed of the field max-
imum desreases to the approximately ion-acoustic one
vis =
√
ZTL/M . At this point in the spatial profile of
Ex(x) a quasi-stationary structure is formed (see Fig. 6,
top panel). It has a width of ∼ 10 Debye lengths, holds
several field oscillations and moves at almost constant
velocity, slightly above vis (Mach number ≈ 1.2 − 1.4).
During the propagation this wave package broadens only
slightly, no more than twice on the time scales consid-
ered in the simulations (up to several thousands of τ
in 2D runs, hundreds of thousands in 1D). This struc-
ture’s field accelerates the overtaken background ions up
to velocities of the order of its own. The number density
profile of both electrons and ions in this structure has
a local maximum the density bump (Fig. 6, bottom
panel). At the same time, in the plasma layer’s part
that remains behind the bump and is depleted of elec-
trons, a smoothly oscillating electric field with a large
total drop of potential arises, accelerating ions of the
layer up to velocities several times greater than the ion-
acoustic one.
The bump’s formation occurred qualitatively the
same way for different values of the ion to electron mass
ratio, which varied in simulations from 100 to 50000.
However, a considerable excess of the maximum num-
ber density at the shock front over the minimum behind
it is observed only for a sufficient number density of the
background plasma. The density bump was barely no-
ticeable and quickly dissapeared (within a few tens of
τ), if the layer to background plasma density ratio was
significantly less than 10−2. In general, we can state
that the backround ions are responsible most of all for
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Fig. 6. Profiles of the electric field and the number
density near the bump along the x-axis for the 2D run
shown in Fig. 4.
the emergence of the local maximum in plasma number
density, and that the ions should be quite cold. Our
simulations showed that the whole process is almost in-
dependent either of the layer ion temperature, as long
as it is less than or of the order of its electron temper-
ature, or the temperature of the background electrons
(because of their insignificant density).
It is very informative to investigate the evolution of
the distribution of ions from the layer and the back-
ground in the longitudinal velocity - coordinate space
(Fig. 7). According to [5], the appearance of branch-
ing features in this phase plane is an indicator of a
shock wave presence in the system. The jump of the
mean velocity associated with it, i.e. the ratio of ion
mean speeds before and behind the shock front, quickly
reaches the value of about 1.2 and then remains approx-
imately constant. The velocity of the density bump is
also almost constant, despite the fact that over time the
average energy of electrons decreases more than twofold.
During the shock wave’s formation, the background ions
are hardly reflected by the shock, rather being acceler-
ated by its field or partially trapped, forming a density
bump at its front. Ions from the dense layer can be ac-
celerated to greater speeds through the electric field be-
hind the shock, so they do not only increase the plasma
density in the bump, but also overtake the shock wave,
gradually changing and smoothing its front. The rel-
ative contribution of ions from the layer in the bump
density constantly increases with time, compared to the
contribution of the background ions, and soon after the
bump’s formation begins to dominate (see Fig. 5). It is
interesting to note, that the background ions are con-
centrated in the narrow layer in the front part of the
bump. The ratio of the maximum density in the bump
to that before the bump and to the minimum density
behind it (considering the width of about ∼ 10 Debye
Fig. 7. The distribution function of an ion velocity and
longitudinal coordinate. The upper inclined curve, in-
cluding the part before the branching, mainly consists
of the layer ions, while the lower one corresponds to the
background.
lengths) rapidly increases to values of ∼ 3.5 and ∼ 1.6
respectively and then slowly decreases. Note, that dur-
ing the simulation time, the average thermal energy of
electrons is reduced more than twice.
It should be noted, that both ion fractions are not
trapped in the bump for long, and either overtake it or
lag behind, making sometimes one or two oscillations.
As a result, behind the front streams of ions are formed
that move at different velocities and thus increase the
width of the shock front and the number of field oscilla-
tions in it. Despite this, the shape of the density bump,
which is situated at the front of the shock, remains al-
most constant for a long time, as well as its velocity, the
total energy and the number of particles in it. The ratio
of the energy of the particles in the bump to the initial
energy of the hot plasma layer particles for the chosen
initial conditions (see. Fig. 4) reaches 5%.
The existence of such a density bump and an electro-
static shock wave as a whole ows to the pressure associ-
ated with the gradient of the energetic electrons number
density and is consistent with the drop of that pres-
sure at the shock front. omprehensive analysis of the
long-term evolution of such a ”forced” shock wave and
a bump in it, as well as the possible formation of freely
propagating ion-acoustic solitons, requires taking into
account the significant depletion of said energetic elec-
trons pressure and is beyond the scope of this report.
In typical conditions this evolution is accompanied by
the development of a Weibel instability and the gen-
eration of quasi-static magnetic fields that could affect
both the overall redistribution of energy between elec-
trons and ions, and the mixing of particles’ trajectories
behind the shock front. A detailed description of mech-
anisms of the magnetic field generation, which energy
could reach ∼ 10% of the initial energy of the layer par-
ticles, will be the subject of a separate work.
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The dependence of the density bump’s shape and the
structure of the supporting electric field on the initial
shape of the transition region between the dense and
the background plasma also deserves a special study.
We discovered such a dependency for power-law density
profiles, although it is absent for sharp super-Gaussian
profiles discussed here.
6. Conclusion. In summary, both the experiments
on femtosecond laser ablation and the numerical PIC-
simulations indicate that the occurrence of a plasma
density bump at the front of an electrostatic collisionless
shock are the result of an explosive heating of plasma
electrons and their subsequent pressure on the generated
package of ion-acoustic waves. The necessary condition
for the development of the bump is the presence of a
not too diluted plasma background. Further investiga-
tion of the processes of formation and evolution of these
forced shock waves in laser plasma experiments are of
great interest.
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